Background and Purpose-Recent studies show that successful endovascular thrombectomy 6 to 12 hours after stroke onset enhances functional outcomes 3 months later. In this study, we investigated the effects of reperfusion after ischemia on repair processes in the ischemic areas, as well as on functional recovery, using mouse stroke models. Methods-We examined time-dependent histological changes and functional recovery after transient middle cerebral artery occlusion of different durations, including permanent middle cerebral artery occlusion, using the CB-17 (CB-17/lcr-+/+Jcl) mouse strain, which has poor pial collateral blood flow. Results-Large microtubule-associated protein 2-negative areas of neuronal death were produced in mice subjected to ≥60 minutes of ischemia followed by reperfusion on day 1, while restricted microtubule-associated protein 2-negative regions were observed in mice subjected to a 45-minute period of ischemia. A substantial reduction in microtubule-associated protein 2-negative areas was observed on day 7 in mice given early reperfusion and was associated with better functional recovery. Klüver-Barrera staining demonstrated that white matter injury on day 1 was significantly lesser in mice with reperfusion. Immunohistochemistry and electron microscopy revealed that a greater number of endothelial cells were present in the infarct areas in mice with earlier reperfusion and were associated with a more rapid recruitment of plateletderived growth factor receptor β-positive pericytes and subsequent intrainfarct fibrosis. Early reperfusion also resulted in a greater accumulation of glial fibrillary acidic protein-positive astrocytes in peri-infarct areas. Peri-infarct astrogliosis was attenuated in platelet-derived growth factor receptor β heterozygous knockout mice. Conclusions-Early reperfusion after ischemia enhances the survival of endothelial cells and pericytes within ischemic areas even after the infarct is established, resulting in efficient intrainfarct fibrosis and peri-infarct astrogliosis. These effects might be associated with efficient peri-infarct reorganization and functional recovery. 
R ecent randomized controlled clinical trials show that successful endovascular thrombectomy within 6 to 12 hours of stroke onset results in significantly better functional outcome at 3 months in patients with acute occlusion of the large cerebral arteries, such as the internal carotid artery and the middle cerebral artery (MCA). [1] [2] [3] [4] [5] Both rapid selection of patients suitable for endovascular thrombectomy by computed tomography/magnetic resonance imaging and an improvement in technology for removing thrombi have enabled a revolution in acute ischemic stroke treatment. However, it is unclear why reperfusion therapy after a 6-to 12-hour period of ischemia still results in better functional outcomes because it is generally thought that neurons cannot survive such a lengthy period of ischemia without favorable collateral blood flow. 6 In experimental stroke research, there have been numerous studies examining the effects of reperfusion in MCA occlusion (MCAO), using both transient MCAO (tMCAO) and permanent MCAO (pMCAO) in rodents and nonhuman primates. It is generally thought that MCAO for 60 to 120 minutes, even followed by reperfusion, produces a large infarct in a delayed fashion, [7] [8] [9] [10] although the ischemic periods necessary to produce infarcts vary among animal species and strains, perhaps because of differences in collateral blood flow. [10] [11] [12] Thus, additional interventions that aim to rescue neurons have been tested using animals with tMCAO. 8, 13, 14 However, pan-necrosis involving non-neural cells, particularly endothelial cells, occurs within 72 to 96 hours of pMCAO. 8 Thus, some beneficial effects of reperfusion after >60 minutes ischemia may go beyond the direct rescue of neurons. 14 It is known that poststroke functional recovery can be brought about by the reorganization of neuronal networks in some brain areas, including in peri-infarct regions, in both animals and human, although there are some differences between them. [15] [16] [17] Histologically, in peri-infarct area, there is an accumulation of reactive astrocytes expressing high levels of glial fibrillary acidic protein (GFAP), forming astrogliosis in both animals and human. 17, 18 It has been recently reported that poststroke astrogliosis may aid neuronal survival, 18 axonal growth, 19 and remyelination 20 in peri-infarct areas in experimental researches, although this remains controversial. 21, 22 Furthermore, it is experimentally suggested that efficient fibrotic formation within areas of infarct may promote peri-infarct astrogliosis. 23 Thus, if these repair processes are associated with functional recovery, apparent infarct volumes at early phases may not be suitable for predicting functional outcome.
To date, few papers have focused on the effects of reperfusion on poststroke repair processes in both animals and human. In the present study, we hypothesized that early reperfusion might elicit efficient tissue repair, such as intrainfarct fibrosis and peri-infarct astrogliosis, and lead to functional recovery even if it does not prevent neuronal death within the ischemic areas. To examine the precise effects of ischemia-reperfusion in the MCA, we performed tMCAO of various durations, as well as permanent MCAO (pMCAO), using the CB-17 (CB-17/lcr-+/+Jcl) mouse strain, which is established from the BALB/c strain and has poor pial collateral blood flow.
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Methods
Mouse Stroke Model
Animal experiments were conducted according to the Guidelines for Proper Conduct of Animal Experiments by the Science Council of Japan (June 1, 2006; http://www.scj.go.jp/ja/info/kohyo/pdf/kohyo-20-k16-2e.pdf). The Animal Care and Use Review Committee of Kyushu University approved our animal procedures (Fukuoka, Japan; A25-268-1). CB-17 wild-type mice, which are established from the BALB/c background, were purchased from CLEA Japan (Tokyo, Japan). We used male mice, 8 to 17 weeks old and weighing 22 to 36 g. Mice were randomly assigned to the animal surgeon and were anesthetized by the inhalation of 2% isoflurane in air and maintained under anesthesia with 1.5% isoflurane. For pMCAO, the MCA was occluded by electrocauterization and disconnected distal to where it crosses the olfactory tract. 24 For tMCAO, the MCA was transiently occluded with a 6-0 monofilament nylon suture distal to where it crosses the olfactory tract. 25 The suture was rotated 180° clockwise, horizontally with the artery, for complete interruption of blood flow. Mice were returned to their cages and kept without anesthesia until reperfusion. After occlusion for 30, 45, 60, 90, or 240 minutes, mice were again placed under anesthesia, and cerebral blood flow was restored by returning the nylon suture to its original position by counterclockwise rotation. 25 Experiments were reported according to Table I in the online-only Data Supplement. The number of mice used in each experiment and related information is shown in the Table II in the online-only Data Supplement. Additional methodological procedures regarding the stroke model are described in the Methods in the online-only Data Supplement.
Immunohistochemistry and Immunofluorescence
Immunohistochemistry and immunofluorescence were performed as described previously 26 and in Methods in the online-only Data Supplement. microtubule-associated protein 2 (MAP2), GFAP-, CD34-, platelet-derived growth factor receptor β (PDGFRβ)-, and F4/80-positive areas and infarct volumes were quantified using ImageJ software in a blinded manner as described in Methods in the online-only Data Supplement. Klüver-Barrera (KB) staining was performed as previously reported. 27 The severity of white matter injury was graded as normal (grade 0); disorganization of nerve fibers (grade 1); formation of marked vacuoles (grade 2); and disappearance of myelinated fibers (grade 3). 27 Severity was also evaluated by the thickness of white matter in 3 different regions of interest, against the contralateral intact region.
Transmission Electron Microscopy
Transmission electron microscopy was performed as described in Methods in the online-only Data Supplement. The structure of capillaries (≈10 μm diameter) was examined in 2 regions of interest (150 μm×150 μm) within the ischemic core to evaluate their integrity, that is, the preservation of tight junctions and basal membranes 28 and the intraluminal presence of red blood cells, neutrophils, and platelets. 29 
Immunoblot Analysis and Quantitative Polymerase Chain Reaction
Immunoblot analyses and quantitative polymerase chain reaction on brain tissues were performed as described previously 26 and in Methods in the online-only Data Supplement.
Assessment of Motor Function
The cylinder test was used to assess asymmetrical forelimb use and rotation asymmetry. Detailed procedures and evaluation methods are described in Methods in the online-only Data Supplement.
Statistical Analysis
Statistical analyses were performed with JMP software (Version 11; SAS Institute, Cary, NC). All data are expressed as mean±SD. The statistical analyses were performed using 1-way analysis of variance. Post hoc comparisons were made using the Tukey-Kramer honest significant difference test. A P value of <0.05 was considered to indicate significance.
Results
Early Reperfusion Induces Rapid Shrinkage of Infarct Areas, Attenuates White Matter Injury, and Leads to Better Functional Recovery
By immunohistochemistry, tMCAO of 60 minutes or more resulted in substantial MAP2-negative areas on day 1, similar to those after pMCAO ( Figure 1A , top row), while restricted neuronal loss was observed on day 1 after tMCAO of 45 minutes duration ( Figure 1A , arrows). On day 7, the MAP2-negative areas were smaller in mice subjected to shorter ischemic periods, compared with mice with pMCAO. The size of the MAP2-negative areas on day 7 was dependent on the length of the ischemic period ( Figure 1B , left). Infarct volume, calculated by subtracting the residual intact hemispheric volume from the contralateral hemispheric volume, was slightly larger over the 7 days in both tMCAO and pMCAO mice ( Figure 1B , right). We also evaluated the infarct areas by another staining method, KB staining, and obtained similar results to those obtained by MAP2 staining (Figures I through III in the online-only Data Supplement). The KB staining revealed that white matter injury on day 1 was significantly greater in mice with pMCAO than in those with tMCAO ( Figure 1C ), and its extent did not apparently change over the following days ( Figure IV in the online-only Data Supplement). The basal ganglia were spared from ischemic insults ( Figure I in the online-only Data Supplement), as reported previously. 24, 25 Massive hemorrhagic transformation, a crucial complication of reperfusion, was not found in any of the mice with MCAO, while petechial hemorrhages were observed in cortical areas of ≈10% of tMCAO mice (Figure V in the online-only Data Supplement). These findings suggest that reperfusion, at least within 240 minutes of the onset of ischemia, induces rapid shrinkage of MAP2-negative areas. Consistent with the histological changes, motor function was better in mice with tMCAO, compared with mice with pMCAO, after day 4 ( Figure 1D ). Functional recovery was found to be positively correlated with the size of the MAP2-negative ischemic core on day 14 (r=0.72; P<0.01; Figure VI in the online-only Data Supplement).
Early Reperfusion Supports the Maintenance of Capillary Vessel Structure Within Infarct Areas
To clarify the mechanisms by which reperfusion induces the shrinkage of MAP2-negative infarct areas, we examined changes in cell populations within the infarct areas. We first examined the expression of CD34, a marker of tube-forming endothelial cells, 30 by immunohistochemistry. Although CD34-positive cells were found in both noninfarct and infarct areas on day 1 in mice with tMCAO, as well as in mice with pMCAO, CD34 expression within infarct areas was slightly greater in the former on day 1 (Figure 2A ). Quantitative polymerase chain reaction using brain homogenates of the ischemic hemispheres on day 1 ( Figure 2B , top) and densitometric analysis of immunohistochemical sections on day 4 ( Figure 2B , bottom) both demonstrated that CD34 expression was slightly greater in mice with tMCAO than in those with pMCAO. The loss of CD34 immunoreactivity in the ischemic areas appeared prominent in pMCAO mice on days 4 and 7 (Figure 2A ), consistent with a previous report. 8 Furthermore, electron micrographs revealed that capillary structures were preserved, with nearly fully intact tight junctions (arrowheads), but with vacuole formation 28 (arrow) in endothelial cells, and that the basal membrane was covered by pericytes (asterisk) in the ischemic core on day 1 after tMCAO (90 minutes of ischemia; Figure 2C , left). In contrast, on day 1 after pMCAO, broken red blood cell clots were packed, accompanied sometimes by neutrophils (arrowhead) and platelets (large arrows), in capillary vessels with disrupted endothelial cells and tight junctions (arrowheads) not covered by pericytes in the ischemic core ( Figure 2C, right) . The preservation of capillary structures, assessed by intact tight junctions and basal membranes, was significantly greater in tMCAO mice . 28 In the ischemic core after pMCAO, endothelial cells are disrupted (asterisk), with damaged tight junctions (arrowheads) and a lack of intact pericytes (scale bar: 1 μm) and with packed red blood cells (RBC), neutrophils (arrowhead), and platelets (large arrows; scale bar: 5 μm). 28, 29 The number of capillaries with preserved vascular structure and those with packed RBC are evaluated in 2 regions of interest (n=3; *P<0.05; left bottom). D, Immunoblot analysis of PDGFRβ in the ischemic hemisphere on day 1 after MCAO. Values are means±SD (n=3; *P<0.05). PDGFRβ indicates platelet-derived growth factor receptor β.
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with 90 minutes ischemia, while red blood cell clots were only found in pMCAO mice ( Figure 2C , left bottom). Furthermore, immunoblot analysis using homogenates of the ischemic hemisphere demonstrated that the expression levels of the pericyte maker PDGFRβ were significantly higher in mice with tMCAO than in those with pMCAO ( Figure 2D ).
Early Reperfusion Elicits Immediate Intrainfarct Fibrosis
We next examined intrainfarct fibrosis after MCAO ( Figure 3A) . Perivascular PDGFRβ-positive pericytes have been shown to participate in the formation of intrainfarct fibrotic lesions. 31, 32 By immunohistochemistry, the expression of PDGFRβ was increased in perivascular cells on day 4 and additionally in extravascular cells on day 7, within infarct areas after 90 minutes of tMCAO ( Figure 3B) . The intrainfarct accumulation of PDGFRβ-positive cells was significantly greater in mice with tMCAO than in those with pMCAO ( Figure 3A and 3C) . Immunoblot analysis using homogenates of the ischemic hemisphere on day 7 demonstrated that PDGFRβ expression was significantly greater in mice with tMCAO than in those with pMCAO ( Figure 3D ), which may be associated with the rapid shrinkage of the infarct ( Figure 3A) .
31,32
Early Reperfusion Elicits Astrogliosis Within MAP2-Negative Areas
We further examined the effect of reperfusion on astrogliosis after MCAO. GFAP-positive reactive astrocytes accumulated within ischemic areas after tMCAO of 30 and 45 minutes ( Figure 4A ). The accumulation was greater in mice subjected to the 45-minute period of ischemia, in which restricted neuronal death was found ( Figure 1A) , than in mice subjected to the 30-minute period of ischemia ( Figure 4A, arrows) , suggesting a neuroprotective role of astrocytes. 18 In contrast, only peri-infarct astrogliosis was present in mice with tMCAO of 60 minutes or more and in mice with pMCAO ( Figure 4A ). GFAP expression was greater in mice subjected to tMCAO of short ischemic durations, compared with mice given pMCAO ( Figure 4A) . Consistently, immunoblot analysis of homogenates of the ischemic hemisphere demonstrated that the expression of GFAP was significantly greater in mice with tMCAO (90 minutes of ischemia) than in mice with pMCAO ( Figure 4B ). Moreover, we found by immunofluorescence double labeling that a greater number of GFAP-positive astrocytes were present in the MAP2-negative areas in mice with tMCAO, compared with mice with pMCAO ( Figure 4C ). Interestingly, nestin and GFAP double positive immature astrocytes 33 accumulated in the MAP2-negative areas in close proximity to the infarct core ( Figure 4D ). EdU staining revealed some of the GFAP-positive cells proliferating in this area ( Figure 4D ).
Peri-Infarct Astrogliosis Is Attenuated in PDGFRβ Heterozygous Knockout Mice
We finally examined the association between intrainfarct fibrosis and peri-infarct astrogliosis using PDGFRβ heterozygous knockout mice (PDGFRβ +/-), which are deficient in PDGFRβ-mediated pericytic functions, including fibrosis. 31, 32 We confirmed that PDGFRβ expression was significantly decreased in the ischemic hemisphere of the PDGFRβ +/-mice on day 7 after pMCAO ( Figure 5A ). In these mice, the leakage of Evans blue dye, associated with the breakdown of tight junctions, was greater in the PDGFRβ +/-mice on day 7 ( Figure . 32 Immunohistochemistry demonstrated that the density of GFAP-positive cells around periventricular areas ( Figure 5B , arrow) was significantly decreased in PDGFRβ +/-mice on day 7 after pMCAO ( Figure 5C ). Consistently, immunoblot analysis using homogenates of the ischemic hemisphere demonstrated that GFAP expression was decreased in the PDGFRβ +/-mice ( Figure 5D ).
Discussion
In the present study, a 60-minute period of ischemia, even followed by reperfusion, was sufficient to produce a large MAP2-negative infarct in the ischemic area on day 1, similar 
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to that produced by pMCAO ( Figure 1A) . However, the MAP2-negative areas were significantly smaller on day 7 in mice given early reperfusion ( Figure 1A and 1B). The reduction in the size of the MAP2-negative area correlated with motor functional recovery ( Figure 1D ; Figure VI in the online-only Data Supplement). Reperfusion elicited the survival of vascular cells, that is, endothelial cells and pericytes, within infarct areas (Figure 2) , the rapid accumulation of PDGFRβ-positive cells, and fibrosis ( Figure 3 ). The timedependent reduction in the MAP2-negative areas was associated with peri-infarct astrogliosis (Figure 4) , which was attenuated in PDGFRβ +/-mice ( Figure 5 ). There have been no reports to date demonstrating that early reperfusion after ischemia promotes tissue repair and functional recovery in ischemic stroke in both rodents and human. These findings suggest that apparent infarct volumes at day 1 (until around day 4) are not always suitable for predicting functional outcome or recovery because the extent of surviving vascular cells within infarct areas may vary depending on ischemic severity and affect the poststroke repair that leads to functional recovery.
Reperfusion and Ischemic Vulnerability of Cellular Components in the Brain
In this study, selective neuronal loss was accompanied by enhanced astrogliosis in mice subjected to 45 minutes of ischemia, while massive neuronal and astrocytic loss occurred in the whole ischemic area in mice subjected to ≥60 minutes of ischemia ( Figures 1A and 4A ). These findings suggest that neurons are more vulnerable to ischemia than astrocytes and that surviving astrocytes support neuronal survival in the ischemic areas. 18 Microvascular structure was considerably preserved in mice given at least 90 minutes of ischemia ( Figure 2C ), suggesting that vascular cells can survive longer than neuronal cells in ischemic areas. This is already reported in both rodents and nonhuman primates. 8, 10 Moreover, endothelial cells were more readily detectable as a component of the microvascular structure than pericytes within infarct areas on day 1 after pMCAO ( Figure 2C ), indicating that pericytes may be more vulnerable to ischemia than endothelial cells, as reported previously. 17, 34 It should be kept in mind that cellular components that are potential therapeutic targets may be changing during the course of brain ischemia because of different ischemic vulnerabilities.
Roles of CD34-Positive Endothelial Cells and PDGFRβ-Positive Pericytes in Fibrosis and Astrogliosis After Ischemia
CD34-expressing endothelial cells participate in tube formation 30 and express PDGF-B to recruit PDGFRβ-expressing pericytes. 35 Because greater numbers of pericytes could survive in mice with shorter ischemic periods, PDGFRβ-expressing pericytes could accumulate more promptly and in greater number around the CD34-expressing cells and expand within ischemic areas in mice with shorter ischemic periods. Because the presence of pericytes around endothelial cells is a crucial factor determining blood flow, 34, 36 cerebral blood flow within ischemic areas might be more easily restored by reperfusion when pericytes are still functionally intact. Furthermore, peri-infarct astrogliosis was greater in mice given early reperfusion (Figure 4 ). We and others have reported that PDGFRβ-positive pericytes produce various trophic factors, such as bFGF (basic fibroblast growth factor), NGF (nerve growth factor), BDNF (brain-derived neurotrophic factor), and NT-3 (neurotrophin-3), that are involved in astrocyte survival and activation. 14, 26, 37 The experiments using PDGFRβ +/-mice support the concept that intrainfarct fibrosis may enhance peri-infarct astrogliosis ( Figure 5 ).
23
Peri-Infarct Astrogliosis, Reorganization, and Functional Recovery
The significance of peri-infarct astrogliosis remains controversial. This astrogliosis demarcates necrotic tissues from intact tissues and prevents the spread of damage and was classically thought to prevent axonal growth by producing chondroitin sulfate proteoglycans. 19 However, a recent genomic analysis suggests that phenotypes of reactive astrocytes depend on the type of injury, and astrogliosis is beneficial or protective in acute ischemic stroke. 38 In addition, increasing lines of evidence support the idea that peri-infarct astrogliosis may aid axonal growth and remyelination: that is, the reorganization of neuronal networks leading to functional recovery. [19] [20] [21] [22] Using genetically manipulated mice, Anderson et al 19 clearly demonstrate that postinjury astrogliosis elicits axonal regeneration by producing multiple axon growth-supportive molecules, including growth-supportive chondroitin sulfate proteoglycans. Some reactive astrocytes in peri-infarct areas may arise from the neural stem cells in the subventricular zone. 39 The fact that neural stem cell-derived or immature astrocytes, which express nestin, 33 synthesize less chondroitin sulfate proteoglycans that inhibit axonal growth may support the beneficial effects of peri-infarct astrogliosis in acute ischemic stroke. 21 Moreover, recent evidence suggests that white matter reorganization also participates in poststroke recovery in periinfarct areas. 40, 41 Because white matter injury was lesser in tMCAO mice ( Figure 1C) , early reperfusion-mediated protection of white matter may increase the likelihood of its reorganization and cooperation with reactive astrocytes in peri-infarct areas to contribute to functional recovery. 42 
Hemorrhagic Transformation in the Present Stroke Model
Hemorrhagic transformation is a critical complication of ischemia-reperfusion. 43 Massive hemorrhagic transformation, except of the petechial form, was not found in any of the present stroke models (Figure V in the online-only Data Supplement). Ischemic severity and duration before reperfusion are crucial factors associated with hemorrhagic transformation. It is often seen in the basal ganglia, where ischemic severity is greater than in the cortex in proximal tMCAO models. 8, 43 In addition, it is reported that the BALB/c mice, the origin of CB-17 mice, have a stronger microvascular stability against ischemia-reperfusion 44 and a higher hemostatic and thrombotic activity 45 among mouse strains. Thus, massive hemorrhagic transformation could be avoided in the present distal MCAO model using CB-17 mice. On the other hand, it is suggested that a petechial hemorrhage is proof of reperfusion and is associated with a better functional outcome. 46 
Limitations and Strengths
There are some limitations in the present study. First, because we simply assessed time-dependent histological changes after brain ischemia, without any interventions except in the experiments using PDGFRβ +/-mice, the present study lacks evidence of a causal relationship among cellular responses and between cellular responses and functional recovery. Second, because we used a distal MCAO model, the basal ganglia were spared from ischemic insults. We should note that the time course of histological damage and functional recovery reported in this study may be different from those in proximal MCAO models. Finally, we should be aware that findings obtained from experimental stroke researches using rodents may not always be applicable to human stroke.
A strength of this study was that we examined the effects of reperfusion of MCAO not only on neurons but also on nonneuronal cells, endothelial cells, pericytes, and astrocytes. We investigated these effects in detail and over relatively long time periods, using highly reproducible stroke models that can exclude incidental reperfusion through pial collateral blood flow.
In conclusion, to the best of our knowledge, the present study is the first to describe in detail the association between reperfusion and poststroke repair processes. Early reperfusion supports neuron and astrocyte survival, which inhibits the development of brain infarction. Furthermore, reperfusion at later times, when neurons and astrocytes would be dead, still efficiently rescues vascular cells and elicits intrainfarct fibrosis and peri-infarct astrogliosis that may be associated with better functional recovery.
